AD-766 0u6

FUNCTIONAL CLASSIFICATION OF GOUGE MATERIAL FROM

SEAMS AND FAULTS IN RELATION TO STABILITY PROBLEMS
IN UNDERGROUND OPENINGS

CALIFORNIA UNIVERSITY

PREPARED FOR
Bureau ofF Mines

ADVANCED RESEARCH PROJECTS AGENCY

JuLy 1973
DISTRIBUTED BY:

INIIS

Nationa} Technical Information Service
U. S. DEPARTMENT OF COMMERCE

FoE

ﬂmwﬁﬁmmmmmmmnmmw et
~ 4 ‘ '



” by oD E e r 1 " T
A e . o - . — - G 3 . "
el oL i g s 7 ’ ik b o T ST L i Akt Eias
Pa A LTy & » % ddaso: b . faais (o o Dol
WS . SRR A e i S s S L ; AP Lol P AT - "
1 e Qo e T e T e e S (e TG e S g i i s g i : g : K T
(. S T bl lis e oty ot R TS - L o TP T 1 ST e noh ; ot s .
3 : ’ 5 UEIRs TR B L e U T T R Ty R A W i
- i . b

GEOTECHNICAL ENGINEERING

FUNCTIONAL CLASSIFICATION OF GOUGE MATERIALS
FROM SEAMS AND FAULTS IN RELATION TO
STABILITY PROBLEMS IN UNDERGROUND OPENINGS

by
Tor L. Brekke and Terry R. Howard

Final Report
submitted to

U. S. Bureau of Mines (ARPA)
Contract No, H0220022

T
July 30, 1973 UL“*—LQ'_J! L

DEPARTMENT OF CIVIL ENGINEERING
INSTITUTE OF TRANSPORTATION AND TRAFFIC ENGINEERING

NATIOMAL TECHNICAL
INFORMATION SERVICE

" 22181

UNIVERSITY OF CALIFORNIA + BERKELEY

} P — - . -

‘;P"A: v Dor pulhic romaue;

b Disvibuioa Urimited
i - —

e it L gl e S e




UNCLASSIFIED

Security Claani{ication

DOCUMENT CONTROL DATA-R&D

(Securitly clesellicetion of title, bodr of ebetract and indeeing annoterton uel be entered when the overall opori le claseilled)

¥ ONIGINATING ACTIVITY (Corporete suthar) 20, RESORT SECUIOITY CLASSIFICATION

University of California UNCLASSIFIED

Berkeley, California 94720 2. crRouP

3 RLPORTY TITLE

Functional Classification of Gouge Material from Seams and Faults in Relation to
Stability Problems in Underground Openings

4. DESCHNIPTIVE NOTES (Type of report end inclueive dateet

Final Technical Report

S AUTHORIS (First name, ariddle Initiel, leet neme)
Tor L. Brekke
Terry R. Howard

& RiPORT DATE 78. TOTAL NO OF PAGES 75. NO. OF REFS

July 30, 1973 2,0

88. CONTHAC Y OR GRANT NO 88. ORIGINATOR'S REPORT NUMBERI{S)
H0220022

b. PROJEC T NO

«. ARPA Order No. 1579, Amend. 3 %5. OTHER REFGRT NOISI 74n

y other numbers that may bLe sssipred
thie repcet)

d. Program Code 2F10

10 DISTRIBUTION STATEMENT

Distribution of this document is unlimited.

11 SUPPLEMENTARY NOTES 12. SPONJSORING MILITARY ACTIVITY

Advanced Research Projects Agency
1400 Wilson Boulevard

Arlington, Virginia

13 ABSTRaACT

The objective of this research effort has been to produce a thorough discussion
on the stability problems underground that are associated with faults and seams, and
in particular to suggest a functional classification of gouge material. A literature
survey was carried out, revealing that while faults and seams constitute a major cause
of instability underground, there is only a limited amount of information on behavior
characterlstics of gouge material. Several construction sitrs were visited to study
the insitu behavior and to sample for a laboratory testing program. The results
obtained are reported, and a functional classification system proposed. The funda-
mental behavior charscteristics of different types of gouge is discussed, as is the
appropriate construction methods and procedures through seams and faults.

DD \5*.1473 : UNCLASSIFITD

Becurily Clussiicalion

SEETaE

[T ;ﬂ [ H




UNCILASSIFIED
Security Classificstion
14 LINK A Linn B LINK €
KEY WORDS
mROL ¢ wT ROLE wWT ROV E wY
gouge material
R joints
faults
seams
rock mass
classification
stability
d tunnels
underground openings
support
rock reinforcement
1
i
) ;
' '.
¥ o
- | ’I
i 3 N !
3 !
!
i
]
i
b UNCL ASSIFIED

. e R P IR S AP S /Al Gl L L
A e

Security Clasaificetion

e

T S S aemame.




FUNCTIONAL CLASSIFICATION OF GOUGE MATERIALS
FROM SEAMS AND FAULTS IN RELATION TO
STABILITY PROBLEMS IN UNDERGROUND OPENINGS

Final Report

to

Department of the Interior
U. S. BureiLu of Mines
Contract No. 10220022
(Continuation of Contract No. H0210023) 9
Effective February 15, 1972
Contract Expiration Date June 22, 1973
Amount: $35,863.00

Sponsored by

Advanced Research Project Agency
ARPA Order No. 1579, Amendment 3
Program Code 2F10

University of California, Berkeley, California, Project No. GN25412
Principal Investirator: T. L. Brekke (415) 642-5525
Research Assistant: T. R. Howard

Department of Civil Engineering
University of California
Berkeley, California
July 30, 1973

The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the

official policies, either expressed or implied, of the Advanced Research
Projects Agency of the U. 5. Government.




i1,

TECHNICAL REPORT SUMMARY

The objective of this research effort was to discuss under-
ground stability problems associated with geologic discontinuities,
to characterize gouge materials, and to suggest a functional class-
ification of such materials.

To accrmplish this objective, a thorough literature search was
performed, construction sites were visited for studying and sampling
gouge materials, engineers and geologists were interviewed, and
selected laboratory tests were performed.

The literature study revealed very little data on the
description and physical properties of gouge. Case histories
of underground construction in both Europe and the United
States did, however, point out twelve factors which seem to
contribute to underground instability, gouge material being
one of the most important.

Samples of gouge materials for laboratory testing were
obtained by visiting undergrourd construction projects in progress
throughout the United States. The main sampling effort was carried
out in the Straight Creek Tunnel (Eisenhower Memorial Tunnel) in
central Colorado. An attempt was made to obtain as wide a variety
of gouge materials as possible.

The in-situ material behavior was studied in conjunction
with the sampling. Observations were made regarding standup
time, squeezing behavior, swelling behavior, and drilling and

blasting characteristics. Site personnel were interviewed for

additional information.
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Laboratory tests performed on the gouge samples were selected
to provide general characterization of the materials, as well as
fundamental properties. The tests performed were Atterberg limits,
gradation analysis, free swell, swelling pressur:s, X-ray diffraction
and direct shear tests. These tests provide a means of separating
and identifying the different gouge materials as well as indicating
the behavior characteristics of the gouge.

Additional strength test results were obtained from the U. S.
Bureau of Reclamation. These data seem to indicate that there is
nothing unusual in the strength characteristics of gouge materials
when compared to the fundamental behavior of soils.

A functional classification system for gouge materials has
been developed. Separation of fine grained from coarse grained
gouge is based on sample gradation. Gouge samples that have more
than 15 percent by weight passing a No. 200 sieve are regarded as
either squeezing or swelling type material. Sand-like gouge has
less than 15 percent by weight passing the No. 200 sieve. Squeezing
ground is separated from swelling ground by having a liquid limit
of less than 30. The remaining types, chlorite-talc-graphite-
serpentine and calcite-gypsum, are readily identified in hand
specimens.

The characteristic behavior of the different gouge types is
discussed in deta’l, as ive construction procedures for tunneling
through seams and faults.

It is hoped that this report will be helpful in correctly
assessing ground conditions involving seams and faults, and in

selecting the appropriate construction methods and procedures.
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xii.

CONVERSION FACTORS

Units of measurement used in this report can be converted

to Standard International (SI) units as follows:

Multiply By To Obtain
inches 2.540 centimeters
feet 0.305 meters
miles 1.700 kilometers
square inches 6.45 square centimeters
square feet 0.093 square meters
acres 4047 square meters
cubic inch 16.4 cubic centimeters
cubic foot 0.028 cubic meters
gallon : 3.80 liters
acre-feet 1233 cubic meters
pounds 0.454 kilograms
tons 907.2 kilograms
one pound forc« 4,45 newtons
one kilogram force 9.81 newtons
pounds per square foot 47.9 newtons per square meter
pounds per square inch 6.9 kilonewtons per square meter
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Chapter [

INTRODUCTION

The purpose of the research reported herein has been to
produce a thorough discussion of the stability problems under-
ground that are associated with faults and seams, and in
particular to suggest a functional classification for gouge
material.

It is not uncommon that stability problems associated with
faults or seams have been described as "unexpected." This term
has unfortunately been used to indicate that no or~ knew that
the fault or seam existed prior to excavation. A careful review
of documented cases where serious stability problems have occurred
revealed that the existence of these zones most often was known,
but that their behavior was incorrectly assessed prior to or
during constructica. Miscalculations have been made in terms of
the type and magnitude of loads that developed, and in particular
in terms of the time-dependent behavior.

It is,in this connection, reasonable to note that during the
design phase there is often a tendency to over-emphasize the
ultimate load that may develop on a support system as the most
important design criterion. It is,in fact,very often more
important to establish the construction procedure needed to
engure a safe advance through a problem area.

Rock masses are so variable in nature that the chance for
ever finding a common set of parameters and a common set of
congtitutive equations valid for all rock masses 1s quite remote.

Simplified engineering-geological classifications as well as




sophisticated mathematical formulations hhave in maay instances
proven to be valuable tools in assessing rock mass behavior.
However, they are often given a general validity both in the
literature as well as in engineering practice. In wany cases,
they may be highly inadequate both from the point of view of
restrictive assumptions, and from the point of view of the
variability of rock masses. Misused in this way, they may be
more misleading than helpful, giving a false feeling that
adequate design procedures have been followed.

However poor and erratic the knowledge of rock mass behavior
is at present compared with the knowledge of most other civil
engineering materials and structures, '"quantitative' decisions
have to be made regarding excavation procedures as well as type
and "amount" of reinforcement or support and lining. The choice
of correct methods and procedures for driving openings thkrough
faults and seams has proven to be among the most difficult
decision: in tunneling.

The report is organized in the following way. Chapter Il
presents,in summary, a review of tunneling problems caused by
faults and seams. Chapter III is a review of classification
schemes for rocks and rock masses, and for geologic discontinu-
ities. The characteristics of gouge materials are discussed in
Chapter IV, followed in Chapter V by a description of the field
investigations connected with this study. Chapter VI presents
the laboratory testing program used to study gouge samples and
the results obtained. Chapter VII gives the conclusions and

recommendations.
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Chapter II
STABILITY PROBLEMS CAUSED BY GEQLOGIC DISCONTINUITIES

Examples of slides associated with faults and seams in

i, s e SR

tunnels and other underground openings were sought in the

literature in order to determine,as far as possible, the

IR N L

factors that influence the rock mass behavior. Some of these

examples are summarized below.

SR PRUC TN,

Examples of Slides

Seelmeier (1959) reports on a slide that took place at the

face of a 11.4 m2 tuniiel near Hieflauf in Austria. The general

ol A AR YA

rock types encountered were dolomite, slate aund limestone. An
almost vertical 'chimney" with a diamete. of approximately one
meter formed along the intersection of two faults to a height
of 8 meters above the tunnel invert. The gouge material was
brecciated limestone in a clay matrix.

Bistritschan (1956) repor:s on several slides that occurred |

in the pressure tunnel and diversion tunnel of the Sariyar

Hydroelectric Plant in Turkey. The tunnels are situated in

Paleozoic sedimentary rocks with some volcanics. Collapses took
place in both tunnels due to a fault zone carrying heavily sheared
serpentine, partly ground to clayey gouge. At the same place
where a 200 m3 slide occurred while the top heading was driven

in the pressure tunnel, a new 1500 m3 slide occurred during

benching.

Brekke and Selmer-Olsen (1965) describe a number of slides

FALEEAN
A R T T A RO St

in tunnels in Norway associated with the presence of swelling
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clay. Five of these case histories are sumnarized in the following.

One slide developed at Tunnsjddaien powerplant during the

excavation of a 35 m2 tallrace tunnel thrcugh a system of thin

"fiederspalten" (feather cracks) carrying montmorillonitic gouge.

In addition, the feldspars in the wallrock had been altered to

AN ™ SRR I

montmorillonitic clay. During excavation, the '"fiederspalten"
seemingly did not represent a problem. In an :rea with seeping
water, however, swelling with ensuing rloughing and sliding
started within one week. The recognitioun of potential problems
of this type is often difficult when the gouge and wallrock are
dry and appear to have considerable competence. Wahlstrom (1948)
mentions several exawples attesting to this, as do Rossar(1965)
and Morfzldt (1965).

At the Tokke IV powerplant, a montmorillonitir breccia
immediately Zlowed intc a 35 m2 tunnel after blasting; 150-200
m3 of this material filled up the face of the tunnel. The
tunnel was then driven around the sliding area at a distance of
approximately 25 m. When the same zone was encountered again,
the montmorillonitic material was considerably more consoli-
dated. This 1s an example of the variation in consolidation
that can be found locally within the same zone.

A 4 km long water tunnel (5 mz) in Caledonian rocks at
Skogn, north of Trondheim, was driven through a zone of mont-

morillonitic rock that appeared to be competent. However,after

one week, siiding occurred, and the tunnel was almost completely

filled up with slide masses over a distance of 40 meters.

A slide involving partial collapse 6f an unreinforced




concrete lining, occurred in the Kvineshei railroad tunnel in
1948, eight years after the tunnel had been finished. A
"chimney",with a diameter of 4-6 meters and a height of 34
meters above the railroad tracks,had developed along the inter-
section of a montmorillonite carrying joint and a brecciated
zone of porous calcite and partially altered granitic blocks.
It was assessed that the porous calcite,through the years, had
dissolved ziving space for iree swell of the montmorillonitic
material. This lubricated the mass in the "chimmey".
An ensuing earth pressure on the lining, possibly combined
with hydrostatic pressure, led to the partial collapse of the
lining.

In a headrace tunnel at the Hemsil I powerplant, driven
through Caledonian rocks, a dominant system of faults and seams

with a direction approximately perpendicular to the tunnel axis

was encountered. The thickness of the individual sesns and faults

varied from under 1 cm to zones up to 8 meters. During the con-
struction period, the presence of montmorillonite in the filling
material was realized, and the parts of the tunnel that were
considered dangerous were lined with concrete. Smaller and more
separate seams were sealed with unreinforced shotcrete. After
the tunnel had been in operation for about 8 months, a slide of
about 200 m3 with up to 3 m3 blocks took place in 1960. A 2-1/2
meter wide section along the tunnel that was inter-woven with
thin, chloritic joints between two montmorillonite-carrying seams

each a few centimeters thick, had been released along the seams

and hal slid out and filled the tunnel. The slide went approximately
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9 meters up from the tunnel roof, corresponcing to the hydro-
static head a’ this point when the tunnel was filled with
water during operation. At several other places in the tunnel,
"puncturing” of the shotcrete had also taken place but without
causing more serious slides.

Dengerud (1971) presents an example of a major slide in

a 65 m2 water tunnel in Southern Norway. When a major crushed

zone was encountered, the gouge that consisted of a chloritic
rock with numerous tiny discontinuities with clay coatings
immediately ran into the tunnel. The face was bulkheadad,
and a realigned tunnel was driven after the zone had been
stabilized by freezing.

Detzlhofer (1968) discusses slides in several pressure
tunnels. 1In the 12 m2 Kauner Valley pressure tunnel in Austria,
5 slides occurred upon de-pressurizing a 1.4 km long test section
that vas partly reinforced by shotcrete and wire mesh. The
crystalline rock mass was intersected by numerous seams and
joints, many with clay f1llings and slickensides. The sliding
volumes for the different slides ranged from 90 m3 to 1550 m3.

Detzlhofer also discusses the failure, founl after 7 years
of operation, in the Kemano-Kitimat pPressure tunnel in British
Columbia, oripinally reported by Cooke et al. (1962). The
major failure involved 19,000 m3 of slide masses. Faults, as well
as many minor discontinuities, were filled with easily erodable
gouge and partially with soluble calcite. Shotcrete as applied
proved inadequate in ensuring long-time stability.

One of the most severe cases of high water inflow associated




with faults occurred in the San Jacinto tunael near Banning,
California (Thompson, 1966). A number of faults were inter—
sected by the tunnel. The hanging-wall side of the faults were

heavily jointed and highly permeable. Driving the tunnel towards

the hanging walls of the faults did not involve very serious pro-

blems since the rock mass was druined over « period of time prior
to reaching the fault. However, when the faults were approached
from the foot wall-side, no predrainage cculd take place due to
the impervious gouge material in the faults, and sudden inflows
of water occurred. The maximum flow from one point reached 16,000
gpm, and from all headings the peak flow was approximately 40,000
gpm. Up to 3,000 cubic yards of crushed material surged in to-
gether with water through the ruptured diaphragm represented by
fault gouge. Water pressures of 600 psi were measured in a few
instances, and pressures ivanging from 150 to 300 psi were common.

Trefzger (1966) described the problems associated with gouge
material in the Tecolote Tunnel near Santa Barbara, California.
The tunnel is 6.4 miles long and 7 feet in diameter and carries
water to the coastal area. The problems were associated with
squeezing ground which occurred in and near fault zones and in
areas of deformed and sheared rock. The Santa Ynez Fault was the
major fault encountered requiring replacement of several
6-inch H-beam ribs and struts at 18 inch centers.

Undesirable swelling and squeezing ground was encountered
in the Harold D. Roberts Tunnel in Colorado and is described by
Wahlstrom et &l. (1968). The progress of construction in this
23.3 mile long tunnel and the support requirements were directly

related to the intensity of faulting and alteration and to some
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extent the joints. The major problems were experienced in driving
through several fault zones containing "extensive gouge", accom-
panied by wall rock alteration and high water pressure. The
squeezing continued for several months after exposure, requiring
continual maintenance. Of the difficulties Walhstrom said: "In
these sections considerable time, money, and delay cculd have
beer avoided if the subsequent behavior of the rocks had been
anticipated at the time they were exposed in the turnel heading.
In retrospect, if field tests. . . had been made, suificient
support could have been installed as a part of the routine
tunneling operation to maintain the tunnel opening safely until
the lining was placed."

A. B. Arnold et al, (1972) reported on three case histories
of tunnel support failures in the California aqueduct system.

The report is summarized here.

The Carley V. Portev tunnel, completed in 1970, is a concrete
lined tunnel with e finished diameter of 20 feet. The tunnel was
driven through highly fractured to crushed igneous and metamorphic
rocks of the Garlock fault zone, deeply weathered to altered and
faulted granite, and soft, faulted lakebed deposits of claystones,
siltstones and mudstones. A collapse, which occurred over a
42 foot portion of the tumnel, took place in the fau’ted lakebeds.

The initial excavation through the lakebeds wos rather
complicated and resulted in a 4 foot vertical misaiignment of the
tunnel necessitating remining to bring the tunnel back to grade.
To do this the initial circular steel liner plates were modi‘ied

to a weak elliptical section. The collapse took place in this
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area. It was noted that high squeezing pressures were developing,
causing, in some piices, deflections of up to 1 foot in the steel
liner. This high ground pressure and a rapid rate of squeeze con-
tinued throughout the remining period and destroyasd the breast-

board operation several times.

The ground in this area was described as a "stiff, cohesive

plastic clay faul: gouge with slickensides." Test results
accompanying the report tend to substantiate tha* description.
The results also indicate a fairly high montmo.illonite content
and associated high swelilng pressures.

The authors give the ioilowing three reascns as the apparent
cause of failure of the support system:

1. The mobilization of the faulted lakebed deposits

due to remining operations.

The structural weakness of the remined liner plate
sets.

The presence of a prominent plane of weskness in a
N 55° W trending fault.

The Angeles Tunnel is a circular-shaped 30 foot diameter
pressure tunnel that was driven by the top heading and bench
method. The rocks in the area of support failure consist of
soft dark grey thinly bedded siltstones interbedded with sand-
stone. Three faults with associated shearing had fractured the
rock mass, creating a partially to completely crushed material.

In the top heading the tunnel support consisted of arch ribs
on 5 foot centers resting on wallplates consisting of two 15I30
steel members welded together with gusset plates and with sack

concrete footings.
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Failure initiated in the right wallplate in an arca where the
wallplate was founded in a 3 foot wide fault zone dipping 60
degrees as shown in Figure T7-1A. The failure was attributed

to 8’ wning away below the wallplate of the weak faulted material.

R e e e

Squeezing of the ground in this area seemed to accompany the

sloughing and probably accelerated the process.

L BEREE

The downward movement of the arch ribs removed support
from the crown area. This activated the squeezing faulted
ground and completa collapse occurred, with a slide extending
approximately 1-1/2 tunnel diameters above the tunnel as shown
in Figure II-1B.

The failure in the 27-foot diversion tunnel for the Castaic
Dam 1s an example of failure along clay-coated bedding planes.
The failure occurred over a 70-foot-long section and consisted
of a slide extending approximately 70 feet above the crown.

The tunnel was excavated through the Castaic formation,

composed of interbedded sandstone and shale. The sandstone is

fine-~grained and has a short standup time due to a weak clay

cementation. The shales are low to moderately hard and, when
exposed, slake to a lean clay. Thin, soft, plastic clay seams
or slickensides resulting from adjustments during folding were

often present along bedding planes. Shears and faults that

contained sott clay were also present.
The failure occurred over a week's time and the sequence
of events is illustrated in Figures II-2 A-E. Figure II-2A

shows the initial mining position of the top heading and the




Sheared bolts

in crown butt plotes

+

Owverbreok

lement o

t

Il plote (8

right

verticoll

!

horizontally)

%

(after Arnold et al., 1972)

1A POSITION OF ARCH-RIBS AFTER INITIAL FAILURE -
ANGELES TUNNEL.

FIGURE TI

AT AR TR O e R T I R

Assumed—s

M imite of

\

overbreak

~

(after Arnold et al., 1972)

FIGURE II-1B POSITION OF ARCH-RIBS AFTER COMPLETE FAILURE -
ANGELES TUNNEL.



position of the initial overbreak. The vock was a saturated
sandstone. This overbreak was not adequately supported and
was left unattended over the weekend, causing a portion of
the face to collapse and the overbreak to grow larger.

The overbreak continued untilit was approximately 25

feet above the crown at which time it was cribbed, blocked

%

with timber and backpacked with pea gravel. As shown in

h

Figure II-2B there was apparently 8 void area remaining

which allowed continued rock deformation.

i TR A

The bench section was then removed as shown in Figure II-2C,
The left wall plate deflected prior to placement of the posts.

The left wall was intersected by a 1/4 to 1/2 inch thick clay-

filled seam that dipped approximately 45 degrees into the tunnel
causing high lateral loads near the left foot block.

The collapse occurred when the final three feet of the
invert was removed as shown in Figure II-2D. Evidently the
reduced bearing strength allowed the footblocks to fail.
Subsequently, a large rock block slid down along the clay

seam, Complete failure occurred shortly thereafter as shown

in Figure II-2E. The drillhole shown was drilled later in

order to assess the extent of the slide.

Factors Influencing the Stability

PR b Ry ok i S LB

From the case histories summarized above and from other
studies and observations, it i1s quite clear that the stability
problems that faults and seams may cause underground are
influenced by a number of factors. All of these interplay in

the final behavior of the rock mass. It is therefore somewhat

okl Ty Gl

3
5
2
ﬂ
k.
2
2
k:



1
3
11
1
g
L
E

Siick, cloy caoted
bedding planes

FIGURE II-2A TOP HEADING EXCAVATED - CASTAIC DIVERSTON
TUNNEL. (after Arnold et al., 1972)

Estimated
Overbreak

N

/ Probable

L SR Void

Eccentric laad due to
relaxation of rack
narmal tao bedding

Steel liner plate

Blocking

OWF45 Archrib

: Wall plate

"Slick, ¢loy coated
bedding plone

FIGURE II-2B TOP HEADING OVERBREAK - CASTAIC DIVERSION
TUNNEL. (after Arnold et al., 1972)

13.

=1

R SR

AL ST A e RV S A SR ST R 2




14,

Estimoted
R N 0verbreok>’ /\
AL

N \ Probable

I\\'- AL, Void
Ao AT

RN,

o ‘.\\“" ".u :ln\\

. .-.--..-.--..-u._-.... I E
[Proboble EEZZZd | Peg .
/ Void F S Grovel . -\

ST ik

E e

»

FIGURE II-2C REMOVAL OF BENCH SECTION - CASTAIC DIVERSION
TUNNEL. (after Arnold et al., 1972)

Estimated 7~ M

Overbreak

& Probable \ ¢

. 3 .:.I.. : /\ 2 Void 3

: W -.": w - ' \.‘\ \ 3

R L R ' Sl ? 1

Ay : . i \ {
..--I..-r-f-'::-- L : \

c e 3

-

—_—
T ERTH P

- -
U

5 by
| \ P\
I B Punching of i
a o Footplote ¢ T
A \ \\ y '::1. 1)
E = P Cwarbraok _ Fa
2 . P B\

4 Stick,/ " " o 0] '__,/g L B\

1 FIGURE II-2D PARTIAL COLLAPSE AND BLOCK SLIDING - CASTAIC
5 DIVERSION TUNNEL. (after Arnold et al., 1972)




G e RS R SRR R i e e, s

= je

. Tt = Gbiowace R e w i e L A L e etk e s g AT RS r T T TR
P —_— S ——— T DR P ST DA R
15.
‘e Drill Hole TH=-3
4
-
-~
L Vaoid /
. Llater filled
with concrete,
’ Loose Muck 4
% ,f’/
W) '_\_ Wm
) \ d!M JB Line 7
N -

Slick, cloy\{l| 256" 1~ I
cooted AR %) :
bedding -t._:*.-j . ',‘Droq Fold
plone *:i G b
L | BR
.. . \.\.

- Qrientation of post ond
woll plotes where observed

FIGURE 1I-2E COMPLETE FAILURE - CASTAIC DIVERSION TUNNEL
(after Arnold et al., 197.)

PN L. IR AR a2l g

e

R

5

ot

FRS

S Lo e P AR A S A R P U T o

K

ot -

S TR SRS TR Ao e o A S s e b A A 1 A i

R ki

B i DA

03

o




16.

dangerous to isolate the different fac»ors without viewing their ?§ i

influence in an overall context. However, it may be helpful to

list in summary some of the observations that can be drawn from ; 3
documented experience regarding the influence of the different

factors. This ig done in Table II-1l. Several of the factors will

3

.

be discussed in more detail in later chapters. k
Table II-1

FACTORS INFLUENCING ACTUAL BEHAVIOR p :

The size and shape of the opening. : 3

The method of excavation.
The method of support, reinforcement or lining.
The orientation of the opening in relation to : g
the etrike and dip of the fault or seam. ' ‘
The width of the fault or seam.
The existence of adjacent seams and faults :
(if any). : -
The frejuency, orientation and character of ' ;
adjacent joint sets. ;
The competence of the wall rock.
. The gouge material.
Time elapsed after excavation
The in-situ state-of-stress.
The water regime.

KX
b
B
i

i3
o
N
3
<

One group of factors relates to the opening itself,

it's size and shape, the method of excavation, and the method of

2 support or reinforcement. g

The size of the underground opening influences the standup

time and the ultimate loads that may develop. While the standup

time is strictly a construction problem, the ultimate load that
may develop can influence stability during construction as well
as during operation.

Terzaghi (1946) found that generally the loads will increase

i ;’;\
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linearly /ith size of the opening except in swelling ground
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where high swelling pressure may develop regardless of the size

of the opening. Either through the use of Terzaghi's assessment
of rock loads, or more recently thrcugh the adoption of the so-

called Kastner formula (Kastner, 1962, l..isse, 1949, 1950) the

effect of size has been considered in design of the support and

lining systems as far as the ultimate loading is concerned.

From a review of the literature, it seems quite clear that
the effect of the size on the standup time of gouge material is
much more significant. The problems encountered increase
drastically as the standup time decreases.

The method of support or reinforcement influences the outcome
by how qui:kly they can and are applied after excavation, and the
amount of deformation that they will allow.

The orientation of an opening in relation to tiie strike and
dip of an individual fault or seam can have a considerahle influ-
ence on the stability of the opening. In general, the problems

increase as the strike becomes more parallel to the opening.

However, even if the strike is across the opening, low-dipping

seams and faults can represent a hazard. If the opening is
driven from the hanging-wall side, the discontinuity will first
appear at the invert and it is most often possible to prepare
for adequate support or reinforcement when driving through the
rest of the zone. If, on the other hand, the opening is driven
from the foot wall side, the zone will first appear in the crown,

with the possibility that the wedge defined by the zone and the

tunnel wi.i #£all in without warning.
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;; Seemingly, the problems associated with a fault or zeam
would increase with the width of the discontinuity. However,
the width should ali.ays be assessed in relation to the attitude
: of the discontinuity and to the frequency, orientation, and char- :

acter of adjacent joint sets, the existence of adjacent seams or

faults (if any), and the competence of the wall rock type. Several
' severe slides in tunnels have occurred where each individual seam
1 or fault has been of a small width, but where the interplay be-

tween several seams and faults has led to instability.

It was noted in several of the case histories summarized

earlier in this chapter that the influence of water in terms of

E | swelling, dissolving, and outwash is not necessarily obvious
during construction. Therefore, a long-term effect may easily
be under estimated during the construction period, and the
measures taken to insure long term stability prove inadequate.
A real hazard exists where large quantities of water in a

permeable rock mass are released when an impervious fault gouge

o is punctured through excavation. In this instance, large

quantities of gouge and rock can be washed into the opening when

the water inflow occurs.
N The state-of-stress in a rock mass will not necessarily be ; .
: reflected in the density of gouge material. This seems parti-

cularly true when studying gouge on a "local" scale. On a

e
i larger scale, and in particular for very wide fault zones, it % A
"5 must be expected that the in-situ stresses in the gouge increase % f
3 with depth and also will reflect tectonic or remanent stresses %
in the area. Therefore, the lcads that may develop through E _;
squeezing must be expected to he related to the overall in-situ : e

friast RN




stress for wide fault zones.

Finally, the stability of an opening will depend on the

character of the gouge material.
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Chapter III
CLASSIFICATION OF ROCK MASSES AND DISCONTINUITIES

Rock Mass Classifications

One of the first efforts to classify rock masses in terms
of the rock loads that may be mobilized against support in an
underground opening was made by Bierbaumer (1913) in Leipzig.
Between the World Wars the development in Central Europe wac
led by Professor Stini; his textbook on tunnel geology (1950)
includes a classification of rock masses, and a very detailed
and well documented treatise on adverse conditions in tunnelling.

More recently, classification systems have been suggested by

Rabcewicz (1957) and Lauffer (1958).

Rabcewicz's work is known in the United States through

AR B

several papers in''Water Pover'"describing the so-called Austrian
tunnelling method (Rabcewicz 1964, 1965, 1969). The basic
principle of this method is to install reinforcement or support
as fast as possible after excavation in order to secure that the
inward movement of the rock mass is kept at the minimum. The
method has sometimes been assumed to be synonomous with the use

of shotcrete, while it in general includes any measure that can

rapidly be applied close to the face.

The major contribution by Lauffer (1958) is his emphasis of

the importance of "stand-up time" relating for different classes
of rock masses the time an opening can stand unsupported to the
"active span." The active span is the width of the tunnel or

the distance from support to the face in case this is less than

the width of the tunnel as shown in Figure III-1.
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Figure III-2 g!.e¢s the relationship as found by Lauffer,
mainly based on experience from the Alps. The main point that
should be made in regard to this chart is that an increase in
tunnel size leads to a drastic reductlon in stand-up time since
the allowable size of the face obviously must be related to
allowable active span. Thus, while a pilot tunnel may success-
fully be driven full face through a fault zone it may prove
impossible,in terms of stand-up time, to drive a large heading
through the same zone, even with the help of spiling and
breastboarding. Multiple drift systems, e.g. like those used
in the Straight Creek Tunnel in Colorado, may be the only
feasible approach in such a case.

Other major contributions from Central Europe to the
understanding of rock mass behavior as related to underground
openings include the work of Zaruba and Mencl (1961), Kastner
(1962) and Muller (1963).

In Scandinavia, where extensive use of underground openings
has been made during the last thirty years, classification systems
that either fully or in part refer to tunnelling couditions in
Sweden have been suggested by Bergmann (1965); Hansagi (1965) and
Hagerman (1966). In Norway, Selmer-Olsen (1964) and co-workers
have used a more "individual" approach, assessing as detailed as
possible the extent of particular problems to be met in each
underground opening, and ascribing in each case the remedial
measures that seem necessary and sufficient. This approach has
proven to be the most rewarding both technically and economically

under the generally good tunnelling conditions in Norway.
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In the United States, the classification system proposed by

Terzaghl (1946) has for the past 25 years been completely dominant,

either in 1its original form or with some modification.

identified nine different rock conditions and assigned each a

rock load factor (Hp,in feet) that when multiplied by the density

of the rock mass yields an ultimate design load for steel

supports.

are given in Table III-1.

Table III-1

ROCKLOAD,HP,IN FEET OF ROCK

(after Terzaghi, 1946)
B = width of tunnel,l-lt = height of tunnel

Terzaghi

His rock conditions and the corresponding rock loads

WIS oA o it &

Rock Load Hp in feet

1. Hard and intact

zero
2. Hard stratified or

schistose Q) 160, 0k 578
3. Massive, moderately

JeimEed 0 to 0.25 B
4. Moderately blocky

and seamy 0.25 B to 0.35 (B+Ht)
5t lexy blagky and (0.35 to 1.10) (BH,)

seamy t
6. Completely crushed

but chemically in- 1.10 (B+Ht)

tact
7. Squeezing rock,

moderate depth (1. 10, 6 2 410) (B+Ht)
8. Squeezing rock,

great depth (2,10 to 4.50) (B+Ht)
9. Swelling rock Up to 250 ft irrespective

of value of (B+Ht)

Perhaps the most important element of Terzaghi's work 1s that

he recognized the influence of the size of the opening on th
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ultimate load that may develop. The load factors are,strictly
speaking,only valid for steel supports or similar "passive"

systems. ' should not be directly applied to "active" systems,

e. .wolting. It should further be noted that Terzaghi's
load assessments for blocky and seamy rock are quite conser-

vative as he takes into consideration high water ''loads" when

the tunnel is situated below the ground water table. These
"loads" are seldom present in practice (Brekke, 1968). The
rock condizions that involve faults or seams are'Moderately
Blocky" and"Seamy through Swelling Rock'.

More recently, a general rock mass claisification system
suggested by Deere (1966) has found wide-spread use in the
planning of underground openings as well as other rock structures
in the United States. A Rock Quality Designation (RQD) is
assigned to a rock mass based on a modified ccre recovery
including in percent of length drilled only the parts of the
core that occur in pieces that are 4 inches long or longer.
Obviously weak material (e.g. gouge) is disregarded ever
if it appears in an intact piece of a core that is 4 inches
long or longer. The RQD and the corresponding Rock Quality

Description are presented in Table III-2.

Each one of the classification systems availsbie has
tried to meet the following requirements:
(1) being simple and meaningful in terminology.

(2) being based on parameters that can be measured or

assessed rapidly and inexpensively.
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Table III-2

ROCK MASS CLASSIFICATION
(After Deere, 1966)

BoclpQuality, Dasignation Rock Quality Description

]
:
]
;;g
3
3

RQD :
0 - 25% Very poor §
25 - 50% Poor :
50 - 75% Fair 1
75 - 90% Good i
90 - 1007 Excellent g

(3) being exact enongh to yield quantitative data that can

readily be applied in engineering design.

L SR i R YR e S

Most systems have proven to be of great value in geological

s

engineering when carefully used, considering the conditions that ]
are specific to each individual site. On the other hand, most
of them are continuously misused because the premises for and
assumptions, made in developing the classification systems have
not been carefully studied by the users, and because they have
been given a validity for "quantification'" of rock mass
behavior that is far more general than was intended by their

authors.

Classification of Discontinuities

Discontinuities are formed through failure in extension/tension, i 4

in shear, or in more complex failure through a combination of both.

R BRIR A K
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Unless subsequent alterztion of the wall rock has taken place, rup-

ture surfaces formed in extension or tension are characteristically

rough and clean with little detritus, If such surfaces are pressed

PSR EFRLE B

back together and a direct shear test performed, the resulting load-
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deformation curve would display a peak rising well above the
residual strength which would only be reached at large values
of displacement (Goodman, Taylor, and Brekke, 1968).

Simple surfaces of shearing are characteristically smooth with

congsiderable detritus. A direct shear test along the surface would

not yleld as great a contrast between peak and residual strength as

in the case of extension fracture. Furthermore, discontinuities

formed in shear are in general much more susceptible to alteration

than are those formed in extension. Normally, such alteration leads

to a lowering of the strength and to other disadvantageous conditions
for construction.

There are no distinct and generally accepted rules or ncmen-
clature for classification of discontinuities for engineering

purposes. However it seems reasonable to make use of three criteria

for classification:

SCALE, based on aperture, persistence and typical spacing.

CHARACTER, based on smoothness znd the properties of filling

material or coatings 1if any.

STRENGTH AND DEFORMABILITY, based on measured values obtained

in laboratory and/or field testing.

Selmer-Olsen (1964) makes a distinction between the "gross
discontinuity pattern" and the "detailed discontinuity pattern".
This is from a functional point of view a very important distinctionm.
The gross pattern, involving major zones of weakness, should be
studied and assessed in order to find an optimum placement of the

most sensitive parts of a system of underground openings; e.g.
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siting the major openings in an underground powerplant away from
major discontinuities.

The detailed pattern, involving prevalent sets of minor
discontinuities, should be studied and assessed in terms of
finding an optimum orientation and, sometimes, shape of the
major openings involved. Other factors may also influence
this decision, notably the in-situ stress conditions and
functional considerations.

In order to present a complete discontinuity classification
based on scale it seems reasonable to include microfissures as
well as bedding planesand foliation partings although they
are not true discontinuities. Likewise, fractures in<duced
by blasting or formed through buckling in highly stressed
areas should be included.

A classification based on scale was presented last year
(Annual report, 1972, U.S.B.M. - ARPA Contract H0210023) and
was published the same year (Brekke and Howard, 1972). This
classification has now been revised, principally because it was
not compatible with standard geologic terminology. The revised
classification, expanding from Selmer-Olsen's basic description
is shown in Figure III-3.

Microfissures are "internal" defects or flaws that influ-
ence the strength and deformability characteristics of the rock
involved.

Bedding planesand foliation partings are separations that
define weakness directions in the rock. Since they are often

tight and rough, they may not be of major concern unless their

orientation alone or in combination with other discontinuities
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GROUP TYPICAL DISCONTINUITIES ~ TYPICAL SCALE
;! i ’
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is unfavorable in relation to the orientation and shape of the
underground opening. For instance, close horizontal partings

in a tunnel roof may necessitate a rather pointed cross-sectional
profile and bolting of the flanks. Bedding plane partings, and
in particular foliation partings may be developed to joints or
shears. They should then be classified as such.

Joints have a great variety in aperture, persistence,
frequency and character. By geologic terminology, they are
discontinuities formed in extension or tension, without any
perceptable shear movement. The aperture may vary from tight
to a fraction of an inch, the persistence from less than a
foot to hundreds of feet; exceptionally a mile (tectonic
sheet joints).

A typical feature of joints (and also often of shears
and seams) is that they most often occur in sets. In each
set, the joints have approximately the same strike and dip,
and usually the same character at least over a certain area,
e.g. a few square miles. The joint system of a rock mass is
usually made up of three or four sets. One or two sets can
be completely dominating in frequency and/or persistence.

A few "wild" joints and seams not belonging to the joint

sets are not uncommon, and it also happens that the jointing

is mosaic, i.e. there are apparently no distinct sets present
in the joint system. Granitic rock masses may have a mosaic

joint pattern but will more often have a joint system that

yields roughly cubic rock blocks. Regional metamorphic rocks

often have a system yielding rhombic rock blocks. Thick lava
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beds often have columnar jointing yielding hexogonal, prismatic
rock blocks. In folds, sets often develop parallel to the
bedding, perpendicular to the bedding, radially along the

fold axis, and perpendicular to the bedding and the fold

axis,

Sheet joints or lift joints are spalling features resulting
from extension failure due to unloading (e.g. erosion of over-
lying masses) or very high residual stresses due to other causes.
They are best developed in massive rock masses, such as the grani-
tic bodies of tha Sierra Nevada or Jurassic sandstones of the
Colorado Plateau. They tend to be parallel to the surface,
and their frequency decrease with depth, in some cases abruptly.

A particular kind of joint often found in regional meta-
morphic rock masses is the so-called "fiederspalten" or "feather
cracks". They are tensile ruptures that often represent the
first stage in the development of a fault.

Shears are,as the name infers, formed in shear through
faulting. They have a wide variation in scale as indicated in
Figure III-3. The term seam indicates an often clay-filled
zone with a thickness of a few inches. Wb.n occurring as a
weak clay zone in a sedimentary sequence, a seam can be consid-
erably thicker. Otherwise, seams may represent altered zones
along joints, dikes, beds or foliation. Seam is often
used as synonomous with shear, and the detailed discontinuity
pattern is referred to as "joints and seams."

Faults are the major rupture zones encountered. Minor

faults range in width from several inches to several feet; major

faults from several to hundreds, occasionally thousands of feet.
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In geology, great attention is given to the relative displace~

ment along fault zones, and the faults are basically classified

as normal, reverse, lateral and thrust faults. From an engineering
point of view, excluding seismic considerations, this classifi-
cation may not be of great importance. More important is the
realization that most fault zones are the result of numerous
ruptures throughout geological time, and that they quite often

have other parallel discontinuities that decrease in frequency

and thickness when moving away from the central zone.

Character

It is just as important - often more important - to classify

|
§
|
|
|
i
1
|

discontinuities according to character as it is to note their
scale parameters. For the detailed discontinuity pattern, the
first distinction can be made between rough versus smooth surfaces.
The latter will most often be much more severe from an engineer-
ing point of view than a rough discontinuity. Secondly, it is
important to distinguish between major types of coating and/or
filling materials. It seems relevant to discuss seven groups.

(1) Joints, shears and seams sometimes may be healed
through precipitation from solution of such minerals as epidote
quartz, or calcite. In this instance, the discontinuity may

be "welded" together. Such discontinuitites may, however, have

broken up again, forming new surfaces. Also, it should be empha-
sized that such minerals may well be present in a discontinuity
without"hzaling'it.

(2) Clean discontinuities i.e., without fillings or coatings.

Many of the'rough"joints or partings have this favorable charac-

ter. Close to the surface, however, it is imperative not to




o LRRL SRR L LR S S Gt e B L e

ALY, o 0 VOO TR TG O 10 R AR s A e ol e

ST T ]

32.

SRR

confuse clean discontinuities with "empty" discontinuities

R S

where filling material has been leached and washed away
due to surface weathering.

(3) Calcite fillings may, particularly when they are i
porous or flaky, dissolve during the lifetime of an underground
opening. Their contribution tc the strengtn of the rock mass
will then, of course, disappear. This is a long-term stability
(end sometimes fluid flow) problem that can easily be overlooked
during design/construction. Gypsum fillings may behave the

same way. 1

(4) Coatings or fillings of chlorite, talc, graphite or

serpentine make discontinuities very slippery, i.e. low strength,

in particular when wet,

(5) Inactive clay material in seams and faults naturally
represents a very weak material that may squeeze or be washed
out,

(6) Swelling clay may cause serious problems through

free swell and consequent loss of strength, or through consid-

erable swelling pressure when confined.

(7) Material that has been altered to a more cohesionless ?

material (sand-1like) may run or flow into the tunnel immedi-

=

ately following excavation.

IRV

It should be emphasized again that the character of the

discontinuities is at least as important as frequency from an

PrIae TN

engineering point of view. Thus, the frequency of discontinui-
ties per se is not a sufficient basis for evaluating the behavior
of a rock mass. A much more compiete classification, and at the

same time, short and meaningful, would be, for example," slick,
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chloritic, persistent joints spaced 2 ft - 4 ft", or "1 inch
seam carrying highly consolidated swelling clay and porous

calcite."

Strength and Deformability

The shear strength and deformation characteristics of joints
are presently being studied by R. E. Goodman and co-workers at
the Universicy of California. Their investigation includes
variations in normal stress, roughness, thickness or filling,
shear rate, and water pressure. Ohnishi (1973) has obtained
laboratory results that indicate the pore pressure in joints
can significantly influence the behavior of jointed rock masses.

Through the development of the so-called "joint element"
(Goodman, Taylor, and Brekke, 1968) it became feasible,by finite
element analysis, to study the behavicr of jointed rock masses.
Originally, the element behavior was defined as having no strength
in tension, a shear strength (cohesion and friction), a normal
stiffness, and a shear stiffness. A classification system was
suggested on the basis of these parameters. Recently, dilatancy has
been included (Dubois and Goodman, 1971).

The joint element is one-dimensional. As such, it is quite
adequate for modeling the detailed siscontinuity pattern in a
"blocky" rock mass. For a stabiliiy analysis cf a tunnel through
a fault zone, however, it seewns from a scale point of view more
realistic to model the zone as a two-dimensional, preferably
three-dimensional continuum. The major problem is to determine
the correct constitutive equations for the behavior of the gouge

material. The shear test data and the field data presented later
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can hopefully contribute to some extent to the solution of this

problem.
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Chapter IV
GOUGE - CHARACTERISTICS AND CLASSIFICATICN

Characteristics of Fault Gouge

The term gouge as used herein is to include all materials
within a fault zone or seam regardless of whether the material
has been altered to a different mineralogy during or after faulting.
The gouge material in a given zone often reflects several stages
of genesis throughout geologic time, and is therefore often quite
complex in composition and properties.

Using the above definition of gouge there are four means or
combinations thereof by which gouge can be formed.

1. Faulting

2. Low grade metamorphism during faulting

3. Hydrothermal alteration

4, Weathering
Faulting

The mechanics of faulting have been thoroughly discussed in
the literature (e.g. Price, 1966, Billings, 1959) and will not
be resented in detail here. However, some comments will be
made to help point to the type and character of gouge materials
likely to result from the physical effects of faulting alone.

The causes of shear stresses that result in faulting are
many and lead to many possible combinations of relative move-
ment. The type of faulting determines to a large extent the
amount of crushing and grinding associated with the faulting.

The amount of grinding is a function of the amount of movement

e
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and the magnitude of effective compressive stresses across the
fault plane. Under high hydrostatic pressure, the crushing or
grinding may be minimal.

The type of wall rock also helps determine the results of
shearing along a fault plane. In competent and brittle rocks
such as granites and some sandstones, brecciation is likely to
occur. In this case, the gouge will consist of relatively large,
angular fragments of broken rock surrounded by somewhat finer
material. These zones are usually highly permeable and are
therefore highly susceptible to further alteration. High water
inflow problems are sometimes associated with this type of gouge
when encountered in underground construction.

Less competent rocks, such as shales and some of the basic

igneous rocks, behave much more plastically under shearing stress

and generally mylonitization results. Mylonites are extremely

fine-grained crushed rock, densely cemented together. Faults in
this type of rock usually contain slickensides and have a
greater number of shear surfaces causing a larger zone of
failure. Faults in more competent rock tend to be confined

to a few failure planes. The amount of displacewment also
controls the thickness of a fault zone. Higher displacements
cause thicker zones.

In general faulting involves a combination of the following:
flattening, grinding, abrasion, granulation, pulverization, mylo-
nitization and chemical alteration. It is therefore reasonable
to expect that a given fault zone may contain highly permeable

brecciated gouge adjacent to highly impermeable clay gouge.
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Low Grade Metamorphism During Faulting

Regional metamorphism results from the combined effects of
temperature, pressure, and shearing stresses (Moorhouse, 1959).

It is possible, then,due to the heat and pressure geierated
during faulting, to cause a low-intensity metamorphism of the
gouge., This means that the minerals present are altered to
minerals which are stable under the pressure and temperature
associated with faulting.

The product of metamorphism depends not only on the tem-
perature, pressure and shear stresses, but also on the available
minerals in the parent rock. For example, in a highly sheared
zone, a basalt might become a chlorite schist made up predominantly
of chlorite, with some sericite, carbonate, quartz and albite,
while sandstones, carbonates and acid igneous rocks can be ex-
pected to undergo few changes in mineralogy.

It is then possible with knowledge of the rock type involved,
to predict to some extent the mineral assemblage which could be
expected to be present in a fault zone. In this light it should
be noted that the minerals associated with low grade metamorphism,
often are of questionable quality for engineering works. Care
must be taken in predicting the mineral composition of a fault
zone because the minerals formed during the faulting may later have

been subject to alteration with clay gouge as an end product.

Hydrothermal Processes. Hydrothermal solutions are mineral

bearing liquids at a high temperature (50°C - 500°C) and generally
high pressure. These solutions are believed to originate from

deep-seated magmas at a high temperature, and as they move through
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the surrounding rock, they alter it either by the deposition of
minerals from solution or by replacement of minerals in the
country rock.

The solutions are acidic when leaving the magma and will
therefore attack most minerals except quartz and alkali feldspar
(Bateman, 1950). Carbonates and basic igneous rocks are
very susceptible to attack, and this reaction would cause hydro-
thermal solutions to become more alkaline. Temperature also
decreases with distance from the magma, causing a decrease
in solubility and precipitation of minerals. In some cases the
fractures are completely filled with a sound mineral, such as
quartz, and the fractures are said to be "healed". In other
cases, the mineral deposited may be one of the sulphides such
as pyrite which, upon oxidation, produces sulphuric acid which
may attack and weaken the wall rock or a concrete structure.
Calcite is also a common mineral and is considered detrimental
when porous or flaky. Thus, from an engineering standpoint,
the invaded rock may be improved or deteriorated depending
upon the mineral deposition.

Hydrothermal mineral deposits are generally accompanied by
a band of alteration of the wall rock. The nature and intensity
of the alteration depend on the wall rock, the chemical character
of the solution and the pressure-temperature relationship. It
is this process of alteration of faulted rock that is of impor-
tant engineering significance because alteration generally
leads to the production of clay minerals. In fact, practically
all the various clay minerals have been reported in hydrothermal

bodies (Forbes, 1949).

do W

b B R e A TR

RN T L i

SEELo

R T



el R st i e

39.

In most cases, the alteration products are mixtures
of clay minerals. However, a few cases have been re-
ported in which the hydrothermal body is composed substan-
tially of one clay mineral. The problem ther is predicting
the type of clay that could possibly be present.

Much of the information published on wall rock alter-
ation is in connection with ore bodies as an aid in pros-
pecting (e.g. Bateman, 1950). If hydrothermal alteration
is intense (high temperature, lcug duration) all alteration
products will tend to be the same regardless of their parent
rocks, except for carbonate and quarzitic rocks. Limestones
tend toward silicification, and dolomites tend toward the
magnesium-rich clay minerals.

If hydrothermal alteration is slight, the primary
minerals determine the end product. The magnesium-rich
minerals (hornblende, biotite) change to chlorites. In
the presence of alkalis, except potassium, the micas, the
ferromagnesium minerals, and plagioclase alter o mont-
morillonite. The presence of magnesium in solution favors
the formation of montmorillonite and potash favors micas.
In general, basic igneous rocks alter to montmorillonite.
Kaolinite may form from any rock if the alkalies are
present or if the conditions are acidic and at a moderate
temperature.

Although metasomatism may well be involved in most
cases, it has been found that hydrothermal deposits of

clay in seams can be formed without any involvement of the
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wall rock. This has the consequence that one cannot exclude the possi-

bility of finding clay gouce in a rock that is not normally associated
with the formation of clay minerals.

Weathering. The following discussion of weathering will be limited
to chemical weathering after the mechanical processes of grinding and
pulverizing during faulting have occurred. To a large extent, weather-
ing and hydrothermal alteration give the same products. The main
difference is the depth of action of the two processes. Weathering
usually occurs near the surface due to the influence of meteoric waters
and hydrothermal alteration occurs at depth due to juvenile water.
Weathering is therefore not a large factor in the formation of gouge.

Many factors control weathering, and it is difficult, if not im-
possible, tc generalize on the relative importance of the various
factors. Weathering is the process of ion exchange whereby rocks and
soils which are unstable in their environment are transformed to more
stable products, These producti are generally quartz, hydrated ses-
quioxides of iron and aluminum, and the clay minerals. The minerals
of engineering importance are the clays, and their production depends
primarily on the weathering rmvironment and time (Mitchell, 1970).

Parent rock type is important, but mainly in the initial stages
of weathering. Soils containing kaolinite and soils containing
montmorillonite can both develop from the same parent rock given dif-
ferent climatic conditions and time periods. Conversely, given enough
time, the same clay soil can develop from different rocks.

Kaolinite, one of the most common clay minerals, is formed
by conditions which remove the alkalies and therefore can form
from any rock type. Kaolinite is the characteristic clay mineral

of soils in humid regions and is generally associated with acidic




rocks.

Montmorillonite clays are formed in dry, cool climates under
poor oxidizing conditions. Alkaline solutions favor their for-
mation. The presence of potassium favors the formation of
illite.

Dissolving may also be considered a weathering process
which is particularly important in carbonate rocks, leaving

cavities.

e 2 i, N

As described above gouge material is vervy seldom uniform,
indicating that numerous movements have taken place within the
fault zone. Blocks or even plates of intact rock may float in
a basic matrix of soft material that again may have bands or
seams of hard material such as quartz or calcite. The gouge

may be a sand like material which can be expected to exhibit

:
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all the physical characteristics of sand under high pressure.
Gouge may also be a clay material, highly consolidated and

with a high shear strength. This type of gouge may be found
adjacent to the same type of clay in a state of underconsolidation

and low strength. It should again be emphasized that gouge is

normally a very complex, heterogeneous material both in regard
to mineralization and physical properties. It is therefore

extremely difficult to sample and even more difficult to

characterize by testing,.

Classification of Gouge

Table IV-1 presents a diagnostic classification of gouge
based on an assessment of dominant type of material in the gouge

in terms of behavior. It is not necessarily the most abundant




Table IV-1

TENTATIVE CLASSIFICATION FOR FAULT GOUGE MATERIAL

Dominant
Material
in Gouge

Potential Behavior
of Gouge Material

Swelling clay

At Face

Later

Free swell,
sloughing.
Swelling pressure
and squeeze on
shield.

Swelling pressure and

squeeze against sup-
port or lining, free
swell with down-fall
or wash-in if lining
inadequate

Inactive clay

Chlorite, talc,
graphite, ser-
pentine

Slaking and
sloughing caused
by squeeze. Heavy
squeeze under
extreme condi-
tions.

Squeeze on supports
or lining where un-
protected, slaking
and sloughing due
to environmental
changes.

Crushed rock
fragments or
sand-like gouge

Ravelling

Heavy loads may de-
velop due to low
strength, in parti-
cular when wet.

Porous or flaky
calcite, gympsum

Ravelling or
running; standup
time may be
extremely short.

Loosening loads on
lining. Running
and ravelling if
unconfined.

material in the gouge.

following chapters.

Favorable
condition

May dissolve, leading

to instability of
rock mass.

A more detailed discussion is given in the

It should be emphasized that gouge material being so complex is

likely to overlap the various categories, e.g. porous or flaky cal-

cite bands in the swelling clay matrix.

The potential behavior is listed in summary for "at face" and

"later". It is common to distinguish between loads on the primary
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support, reinforcement, or lining system installed to ensure

stzbility during construction, and loads in the final reinforce-

S ment or lining usually added to ensure stability for the lifetime
of the structure. The time expired between the two stages can,

however, vary considerably from casting of the final lining at

AR e

the face to casting several months after excavation. It is

therefore considered more meaningful to use the proposed distinction.

"At face" relates to the difficulties involved in driving through

N R

the fault zone, "later" to the adequacy of applied methods of
support, reiaforcement and lining.
The first two divisions deal with swelling clay and inactive

clay. The two terms are self explanatory but there is a rather

o i WA G b PR I L RIS

subtle distinction to be made between ther. In some clayey gouges
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a small amount of montmorillonitic clay may dominate the material

s mp AT

behavior, and the gouge would therefore be classified as swelling.

In other instances the clayey gouge may be rather inactive in spite
of a substantial content of montmorillonitic material. It would
then be classified as inactive. The distinction is difficult and

must be made on examination of the gouge, testing and comparing

A e st RO ey

g e o

the results with those described in Chapter VI; and finally in

L

terms of which classification would most adversely affect the

underground structure. If a material is classified as swelling 1

clay it may also be expected to exhibit squeezing pressures. On

the other hand if the material is classified as inactive clay, it

will not be expected to swell. EV
The third group is intended to include blocky gouge material 4

that is heavily interwoven with slickensided seams and joints !

filled or coated with chlorite, talc, graphite or serpentine. ; f
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These materials characteristically have a very low shear strength,
particularly when wet. The potential behavior of this class of
gouge is immediate ravelling or a very short standup time. Iv
eventually develops heavy loads and behaves much like squeezing
ground.

The fourth major group includes the crushed rock fragments
or sand-like gouge materials. This material is typically cohesion-
less. The major problem with this type of gouge is very short
standup time.

The fifth group covers the readily soluble materials of calcite
and gypsum. The problem associated with this group is that

after a long period of stability, instability may arise due

to the dissolving of the minerals mentioned.
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Chapter V
FIELD INVESTIGATIONS

Several underground construction projects throughout the
United States were selected for site visits to obtain samples of
gouge material. An attempt was made to obtain as wide a variety
of samples as possible to assure an adequate representation of
gouge materials.

The main sampling effort was made in the Straight Creek Tunnel
in Colorado because of the size of the project and because extensive
information concerning construction methods and problems, and
instrumentation and testing results were available. The other
tunnels that were visited were exploratory drifts at the Auburn

Damsite in California, Nast and Hunter tunnels, the Henderson

Mine Haulage Tunnel in Colorado, the Metro System in Washington, D.C.,

and the Twin Buttes Mine in Arizona.
It was decided to use gouge samples only from tunnels in order
to eliminate weathering effects. Therefore, test results on the

Twin Buttes Open Pit Mine samples are not included herein.

Auburn Damsite, California

The Auburn Dam will be a thin, double curvature concrete arch
dam about 865 feet high with a crest length of about 4000 feet.
The site of the dam is in a broad V-shaped canyon of the North Fork
of the American River. This region is cut by several northwest
striking fauits. Carlson and Livingston (1972) and Frei (1972)

give a detailed account of the site geology.

Amphibolite is the major metamorphic rock unit. Serpentine
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| and talcose serpentine occur within the amphibolite as either

'f ; irregular masses or lenticular bodies parallel to the foliation.
‘2 : There bodies are usually bordered by sheared talc and chlorite

: schists.

There are also numerous seams (shear zones), some parallel

to the foliation but generally cross-cutting it and parallel to

the major joint set. The seams range in nature and continuity

from a single plane with a thin coat of clay gcuge that is con-
tinuous for less than 100 feet to wide shear zones with large

altered areas, continuous for over 1000 feet.

.
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The major fault is designated F-1 and supplied the samples

i

f; ; for this investigation. The fault zone with associated gouge

material is up to 10 feet thick with an additional 4 to 5 feet !

of chlorite schist in the drag zone of the fault. Samples of !

gouge were taken from an exploratory drift driven through the F-1
; fault and near the area of in-situ testing carried out by the ’

Bureau of Reclamation.

Nast and Hunter Tunnels

i
i
The Naat and Hunter tunnels are a part of the Fryingpan - %
 § Arkansas Project in Central Colorado. These two tunnels will 3
eventually connect with a system of tunnels that will divert water §
f.ix from the Western Slope watershed in the Colorado River Basin to

the Arkansas River Basin east of the Rockies.

Nast Tunnel - The Nast tunnel is located as shown on Figure V-1.

This tunnel is unique in that it is being driven by a German made

mole 9'9" in diameter. The excavation history of this tunnel has

% recently been presented by Geary (1972).
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Preliminary geologic exploration for this tunnel was in the form
of surface geologic mapping, several borings, and a seismic survey
outlined in a pre-construction Engineering Geology report prepared
by Bureau of Reclamation personnel. They spent forty man-days doing
the detailed and reconnaissance field mapping. Eleven drill holes
were drilled along the alignment to a maximum depth of 340 feet.
Generally the holes were 40 feet or less in depth.

The stratigraphy of the area consists of a bedrock of folded,
layered sequence of granite gneiss, porphyritic granite gneiss,
biotite schist and phyllite with minor gneissic granodiorite. A
swarm of felsitic dikes cross the area, trending northwest.

The porphyritic granite gneiss is probably the best quality rock.
It is composed of a medium grained granitic matrix with a trace to
75% of 1/4 to 1/2 inch pale pink felspar phenocrysts. The granite to
granite gneiss is a fair to good quality rock made up of fine to medium
grained biotite, feldspar and quartz. It is faintly to strongly banded
and foliation planes range from indistinct to prominent. When strongly
foliated the rock breaks readily along schistosity and banding.

The area of gouge sampling is shown in Figure V-2 on a geologic
cross section of a portion of the Nast tunnel. Sample locations are
marked and a description of each sample area follows.

Station 460 + 50. (Sample N1) One of three 1/2 inch wide seams
in a vertical, 18 inch wide, highly altered zone in competent rock.

The soft area had swelled or squeezed out about 2 inches into the
tunnel in approximately 2 months time. The area had been steel
supported.

Station 462 + 60. (Sample N2) This is a zone of many inter-

secting, high and low dip angle shears within a 200 foot wide zone
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of moderately soft, altered porphyritic granite. The rock had squeezed
outward up to 4 inches since excavation three months prior to sampling.
This zone was steel supported. The sample was taken from an 18 inch
wide zone of highly altered breccia with closely spaced, hairline clay
seams.

Station 464 + 00. (Sample N3) This sample was taken from a 3 inch

seam in a 75° dipping, 12-18 inch wide shear in a 50 foot wide zone of

DR S SR S A s SO BT SR i

soft, altered, porphyritic granite. This shear is one of several
similar shears spaced about 4 feet apart. The ground was steel sup-

ported and had squeeczed in about 1 inch since excavation.

B SAETRTAGLS

Station 465 + 85. (Sample N4) The sample was taken from a small
seam within a 2 foot wide highly altered shear zone. The wall rock

surrounding this shear zone is a fairly competent granite. The area

was rockbolted and had only sloughed slightly since excavation.

Station 466 + 45. (Sample N5) The sample was taken from a 2 inch

seam in a 60° dipping, 2 to 3 foot wide highly decomposed zone in com-

petent granite. The zone had swelled in about 2 inches and the adja-
cent rock had been cracked since excavation. The area was rockbolted.
Station 468 + 46. (Sample N6) The sample was taken from a seam
located in a 45° dipping, 2 1/2 foot wide, highly altered shear zone
in a competent granite. The altered zone squeezed or swelled in about

2 inches within a few days after excavation, and subsequently remained

stable.

As described above the gouge material generally occurred in
seams in highly altered fault breccias. The gouge generally
appeared as a brown to green sandy clay. The zones were not
large but caused problems by squeezing or swelling into the

tunnel. The main problem was, however, a very short standup
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time, usually about 2 hours. The maximum standup time was 8
hours. This was especially critical because it took the mole
several hours to advanc:2 enough to allow miners to install the
support system.

Hunter Tunnel - The Hunter tunnel, located as shown in Figure

V-1, is being driven by conventional means through essentially the
same type of rock as the Nast tunnel. The geology has been des-
cribed by the Bureau of Reclamation geologist, Mr. Jerrold Bartell,
for the inspector's final report.

Approximately 39% of the tunnel length is through a granite
gneiss to gneissic grenite, depending on the degree of foliation
or banding. The rock breaks randomly except when altered and then
tends to slough along planes parallel to the banding. The rock
is composed of about 65% medium-to coarse-grained quartz and feldspar
which make up the light colored foliation bands, and about 35% fine-
to medium-grained biotite making the dark bands.

The joint spacing within this rock type ranges from closely
spaced (4-8 inchas) adjacent to sheared zones to areas lacking
joints for 30-4D feet of tunnel length. For the most part,
the joints are tight, persistent and are spaced at 1-2 feet.
They are a high dip-angle joint set striking diagonal to the tunmnel,
which causes slabbing along the tunnel walls and lower arches.

Gouge samples were taken at Stations 273 + 76 (Sample Hl) and
273 + 80 (Sample H2); one each from two of several 3-inch wide seams
irn a 20 foot wide, near vertical, dry, highly altered zone that strikes
nearly normal to the tunnel. The area was supported by strutted, 4 inch
wide flange steel on 2 and 3 foot centers. The sets had taken some

load as indicated by deformed and broken lagging.
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Henderson Haulage Tunnel

f‘ The Henderson Mine Haulage Tunnel will extend approximately
10 miles under the Continental Divide to a point near the Urad

mine. The position of the tunnel is shown on Figure V-3. The

purpose of the tunnel will be to haul ore from the mine to a mill

presently being constructed in the Williams Fork Valley about 4

miles below the west portal.
The geology of the tunnel has been reported by Robinson and

Stewart (1971). A generalized plan and section of the tunnel is

o S R

given in Figure V-4. The tunnel has a modified horseshoe cross-

A

section, and is 15 feet high and 17 feet wide. ;

g 35

The geology is that of the Front Range of Colorado, the rocks

consisting of folded Precambrian igneous and metasedimentary rocks.

The rock rass is extensively faulted and intruded by dikes of

et et e S Wl A AN I

Tertiavy age. The rock units encountered in the tunnel are the same
as encountered in the Straight Creek Tunnel, that is, Precambrian

metasedimentary rocks equivalent to the Idaho Springs Formation and 3
granite rocks equivalent to the Silver Plume Granite.

Robinson and Stewart(1971) report that wall rocks adjacent to

veins show evidence of hydrothermal alteration in the form of hydrous

clay minerals with accompanying silicification and pyritization.

%' The metasediments are a variety of fine-to coarse-grained
biotite gneisses. Foliation is distinct and due to compositional

layering ranging in thickness from 1 to 150 mm. The average thick-

3% BN S A

ness is 25 mm. The dark layers alternate with light colored layers
and are made up of biotite and plagioclase. The light layers are

rich in quartz and plagioclase. Granitic materials are interlayered




23.

" . ¢ s
e SRR TR S R R SIS L S B A

/
| +—' "\ Loagmant
| us40 L poeny ¢ ider 5} | =
| & / H?E} )
=4 I’_ “' 1 —_—  __u
_— Eéngurs n Tunnel !
s

. lUSE
Wy

J
: i 4
.% ¢; | ?
;’: %
H
! |
o £
4 Il !
i

4 - J
- |

St
>
= . _ . I
1]
= aplgnon City | I

o
|
J |
Lil smuiq_u-ln____J ""“--\\i |

g i FIGURE V-3 LOCATION OF THE HENDERSON MINE RAILROAD HAULAGE TUNNEL, .
- AND THE STRAIGHT CREEK TUNNEL s




54.

with the gneisses,

The granitic rocks are of the same texture and composition as
the Silver Plume Granite (Lovering and Goddard, 1950). This is
typically 1 medium g-:ained, porphyritic quartz r'nzonite. The
texture varies from medium to fine-grained equigranular to coarse
grained porphyritic. Apli. and pegmatite dikes are common and
are younger than the Silver Plume granite. The Tertiary Dikes
mapped by Robinson and Stewart are of two types: augite diorite
and porphyritic rhyolite dikes.

Preliminary information indicated that the foliation would be
approximately parallel to the tunnel in Province I and IT (Figure
V-4) and at right angles to the tunnel alignment in Province III.
However, during excavation of the tunnel, it was found that the
foliation intersected the tunnel at almost 45° in Province III.
The foliation is the principal direction of jointing in the meda-
sedimentary rocks. The principal joint set in the granitic rocks
forms an acute angle with the tunnel, and the secondary set runs
parallel to the tunnel.
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